Abstract
Melatonin Acts as an Antidepressant by

Introduction
Major depressive disorder is a common, morbid disease with a lifetime prevalence of more than 10% and an estimated suicide rate of 10% [1] . Common understanding of the disease is centered on a reduced concentration of neurotransmitters in the synaptic space, and many antidepressant medications increase the concentration of monoaminergic transmitters in the synaptic space [2] . This hypothesis was named the monoamine hypothesis for the actions of antidepressants [2] . However, some antidepressants such as tianeptine are also serotonin reuptake enhancers [3] and, most importantly, the delayed onset of the therapeutic action of almost all antidepressants does not fit the immediate increase of monoaminergic transmitters in the synpatic space triggered by these drugs. Thus, alternative concepts for the pathogenesis of major depressive disorder and the action of antidepressants have been developed. These concepts suggest that reduced neurogenesis in the hippocampus is a central element in the pathogenesis of major depressive disorder [4] . Neurogenesis has been shown in the hippocampus of rodents, but also recently confirmed in the hippocampus of humans, with approximately 700 new neurons generated per day and an annual turnover of hippocampal neurons of 1.75% [5] [6] [7] [8] . Two areas in the brain seem to be the hotspots of neurogenesis: the subventricular zone of the lateral ventricles where neuronal stem cells line the lateral ventricle wall and, after proliferation, are able to leave the subventricular zone and migrate into the olfactory bulb and the frontal brain, and secondly the hippocampal dentate gyrus where after proliferation immature neurons migrate into the granular cell layer over a period of 3 to 4 weeks, differentiate into granule cells, form dendrites, and are integrated into the hippocampal networks [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
In accordance, hippocampal atrophy was observed after chronic stress and depression in both rodents and humans [5, 6] , suggesting that a decrease of neurogenesis and/or an increase of apoptosis of neurons contribute to the pathogenesis of major depressive disorder. Antidepressants restore neurogenesis and prevent neuronal cell death in primary neural cultures and in the hippocampus of adult rodents [19] [20] [21] [22] [23] [24] .
We have recently shown that the acid sphingomyelinase/ceramide system is targeted by antidepressants and mediates the neurogenic effects of antidepressants [24] . Acid sphingomyelinase (human protein: ASM, EC 3.1.4.12, sphingomyelin phosphodiesterase; murine protein: Asm, gene symbol Smpd1) is a ubiquitously expressed enzyme that catalyzes the release of ceramide from sphingomyelin [25] . The enzyme localizes to lysosomes, secretory lysosomes and small, acidified domains on the outer leaflet of the plasma membrane [26, 27] . The generation of ceramide within these domains has been shown to regulate the distribution of receptors and associated proteins in the plasma membrane, a process named receptor clustering or aggregation. Ceramide molecules spontaneously form ceramide-enriched membrane domains that change the biophysical properties of the plasma membrane and thereby serve to trap and cluster receptor and signaling molecules [26] [27] [28] . It is this spatial organization of receptors and signaling molecules that mediates many of the signaling effects of Asm and ceramide [26] [27] [28] [29] . Thus, the Asm/ceramide system seems to have a general function in the organization of cellular signaling molecules and receptors rather than being a specific signaling intermediate, which also explains the involvement of Asm in many diverse forms of cellular stress [reviewed in 29] .
Many antidepressants target the Asm/ceramide system by interfering with the binding of Asm to membranes [30] [31] [32] . They mediate a release of the Asm from membranes, which results in the proteolysis of Asm in lysosomes or a release into the extracellular space [32, 33] . Since these antidepressants do not directly interfere with the enzyme activity, they were also named functional inhibitors of Asm, FIASMAs [34] . We have shown that therapeutic concentrations of the antidepressants amitriptyline and fluoxetine functionally inhibit Asm and reduce ceramide concentrations in the hippocampus [24] . The inhibition of the Asm/ ceramide system increased neuronal proliferation, maturation, and survival and improved behavior in models of stress-induced depression [24] . Genetic deficiency of Asm mimicked the effects of antidepressants and abrogated any further effect of antidepressants on neurogenesis and behavior [24] .
We have previously provided a structure-property-activity relation model for the action of antidepressants; we demonstrated that high pKa and high log P values of antidepressants are necessary for functional inhibition of Asm [32, 34, 35] . In addition, a spacer with a protonated nitrogen atom is required to displace the acid sphingomyelinase from the inner lysosomal surface triggering its degradation. Here, we compared these features with the structure of melatonin and whether melatonin inhibits Asm. Our data demonstrate an inhibition of the acid sphingomyelinase by melatonin, but most likely not by a functional inhibition of the acid sphingomyelinase as induced by amitriptyline or fluoxetine, but by other mechanisms.
Materials and Methods
Mice and treatments
Wild type and Asm-deficient mice (Smpd1 -/-) [36] littermates were on a C57BL/6H background. Asmdeficient mice were originally from Dr. R. Kolesnick, Memorial Sloan-Kettering Cancer Center, New York, NY, USA. Asm-deficient mice were used at an age of 6 weeks to avoid sphingomyelin accumulation. Melatonin was dissolved in DMSO and diluted in PBS. 10 mg/kg were injected twice daily for 12 days [37] . Corticosterone was administered at 0.25 mg/mL in the drinking water for 14 days. If melatonin and corticosterone were administered together, the corticosterone treatment was started 2 days prior to the application of melatonin. All studies were performed in accordance with animal permissions of the Regierungspraesidium Düsseldorf and the Institutional Animal Care and Use Committee, Cincinnati.
Acid sphingomyelinase activity in cultured cells
Pheochromocytoma cells PC-12 cells were from ATCC and cultured in RPMI-1640 supplemented with 10 mM HEPES (pH 7.4, Carl Roth GmbH, Karlsruhe, Germany), 2 mM L-glutamine, 1 mM sodium pyruvate, 100 µM nonessential amino acids, 100 U/mL penicillin, 100 µg/mL streptomycin (all from Invitrogen) and 10 % fetal calf serum (PAA Laboratories GmbH, Coelbe, Germany). The cell line was maintained at 37°C in a humidified atmosphere at 5% CO 2 . To treat the cells with melatonin, cells were washed twice in H/S (132 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM KCl, 1 mM CaCl 2 , 0.7 mM MgCl 2 , 0.8 mM MgSO 4 ), resuspended at 2x10 6 /ml in H/S and incubated for the indicated time with 50 nM melatonin [37] . Cells were then shockfrozen, thawed, sonicated, and 50 µL aliquots were added to 300 µL of a buffer consisting of 250 mM sodium acetate (pH 5.0), 0.1% NP-40 and 50 nCi [ 
Acid sphingomyelinase activity in the hippocampus
The hippocampus was removed, shock frozen, and lysed in 250 mM sodium acetate (pH 5.0) and 1% NP40 for 10 min. The tissues were then homogenized by 10 secs sonication using a tip sonicator. Aliquots of the lysates were diluted in 250 mM sodium acetate (pH 5.0) and 0.1% NP40; incubated with 50 nCi per sample [ 
Immunohistochemical analysis of ceramide
Mice were euthanized, the brains removed, embedded in Tissue-Tek (Sigma) and shock frozen. The hippocampus was then serially sectioned. Frozen sections were dried on air for 5 min, fixed in acetone for 10 min, washed twice in PBS, blocked for 10 min in PBS with 5% FCS, washed once in PBS and immunostained for 45 min with polyclonal rabbit anti-mouse acid sphingomyelinase antibodies, obtained by immunization with a glutathione-S-transferase (GST) fusion protein (aa 518-564). Antibodies were diluted 1:100 in H/S + 1% FCS. The samples were then washed 3-times in PBS + 0.05% Tween 20, once in PBS and incubated for 45 min with Cy3-coupled donkey anti-rabbit IgG (Jackson ImmunoResearch), washed again three times in PBS + 0.05% Tween 20 and once in PBS, and embedded in Mowiol. Samples were analyzed on a Leica TCS confocal microscope (Leica, Mannheim, Germany).
Immunohistochemical BrdU stainings
Mice were injected 4-times, every 2 hrs, with 2 mg/25 g bromodeoxyuridine (BrdU). Mice were sacrificed 16 hrs after the last BrdU injection, brains were rapidly removed, shock-frozen, sectioned, air dried and fixed for 10 min in ice-cold acetone. The samples were then washed, and the DNA was denatured by incubation for 2 h with 50% formamide in 300 mM NaCl and 30 mM saline-sodium citrate (pH 7.0) at 65°C. The samples were washed twice in saline sodium citrate buffer and the DNA was further denatured for 30 min at 37°C with 2 M HCl. Slides were washed, neutralized for 10 min with 0.1 M borate buffer (pH 8.5), washed in PBS, and blocked with 0.05% Tween 20 and 5% FCS in PBS (pH 7.4). The samples were then stained with 5 µg/mL anti-BrdU antibodies (Roche) for 45 min at 22°C, washed, and stained with Cy3-coupled F(ab) 2 anti-mouse IgG (Jackson ImmunoResearch, Newmarket, UK). Every tenth section of serial sections of the hippocampus was counted for BrdU-positive cells.
Western blots of PC-12 cells
The PC-12 cells were washed in H/S, resuspended in H/S at a density of 0.5 x 10 6 cells/50 µl, incubated with 50 nM melatonin for the indicated time and lysed in 50 µl 0.1% SDS, 25 mM HEPES, 0.5% deoxycholate, 0.1% Triton X-100, 10 mM EDTA, 10 mM sodium pyrophosphate, 10 mM sodium fluoride, 125 mM NaCl, and 10 µg/ml aprotinin/leupeptin for 5 min at 4°C. Insoluble material was removed by centrifugation at 14,000 rpm for 5 min at 4°C. The supernatants were removed and added to 5x SDS-Laemmli buffer. Proteins were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), incubated with either an anti-phospho-Ser-473-Akt antibody or an anti-actin-antibody (both diluted 1:1,000, Cell Signalling) for 1 h at 22°C, washed, and developed with alkaline phosphatase-coupled secondary antibodies employing the Tropix chemoluminescence system.
Behavioral studies
Behavioral testing was performed between 3:00 p.m. and 6:00 p.m. If appropriate, animals were video tracked by a camera. All tests were performed on separate days. Experiments were performed with diffuse indirect room light. Novelty-suppressed feeding: mice were fasted for 24 hrs and then placed in a new cage with one piece of food on a 2x2 cm piece of white paper in the center of the new environment. The test measures the time during which the mice explored the new environment before they began eating. The light/dark box test measures the time a mouse is present in a dark and safe compartment and a brightly illuminated, open, and thus aversive area. A box made of black acrylic plastic (height, 40 cm) was inserted into an open field, covering 50% of the surface area. A 5×5 cm aperture led from the light area to the dark box. Each mouse was released in the dark compartment and observed for 5 min. Control experiments showed that the different genotypes did not differ in their locomotion.
Statistical analysis
All data are given as mean ±SD. Single comparisons were performed with a student t-test. Multiple comparisons were performed with ANOVA.
Results
To test whether melatonin inhibits the acid sphingomyelinase and also has an impact on cellular ceramide, we incubated pheochromocytoma PC-12 cells with 50 nM melatonin for 10, 20 and 30 min. The results (Fig. 1) show that melatonin reduced the activity of Asm in cultured cells within 20 min by approximately 30% (Fig. 1A) . This correlated with a reduction of cellular ceramide levels by a similar amount (Fig. 1B) . Next, we injected melatonin intraperitoneally into mice twice daily over 10 days and determined the activity of Asm in the hippocampus. These studies ( Fig. 2A) confirm the inhibition of Asm by melatonin in vivo and demonstrate a reduction of the hippocampal acid sphingomyelinase activity by approximately 60%. Likewise, the concentration of ceramide in the hippocampus was reduced by approximately 50% after treatment with melatonin as determined by ceramide kinase assays (Fig. 2B) . These biochemical studies were confirmed by staining ceramide in hippocampal sections (Fig. 2C) .
Application of glucocorticosterone to stress the mice did not alter the effect of melatonin on Asm and ceramide ( Fig. 2A and B) .
Collectively, these data establish melatonin as novel inhibitor of the Asm/ceramide system in vitro as well as in vivo.
Recent studies suggest that the beneficial effects of antidepressants are mediated, at least in part, by increased neurogenesis in the hippocampus. We therefore determined neurogenesis in mice treated with melatonin ± stress. Glucocorticosterone-mediated stress induced a marked reduction of neurogenesis (Fig. 3) . The negative effect of glucocorticosterone on neurogenesis in the hippocampus was greatly ameliorated by the application of melatonin (Fig. 3) . Melatonin was without effect on basal neurogenesis in the hippocampus (Fig. 3) , consistent with previous reports on the effect of antidepressants on neurogenesis in stressed and resting mice [23, 24] .
We have previously shown that the positive effect of antidepressants on neurogenesis requires a reduction of ceramide in the hippocampus by inhibition of Asm [20] . The reduction of ceramide by inhibition of Asm reduces the total sum and input of negative stimuli in stressed mice and allows correction of neurogenesis even in the presence of stress, while Asm-deficient mice lost this plasticity [24] . Thus, we treated acid sphingomyelinasedeficient mice with glucocorticosterone and melatonin. These studies revealed that melatonin failed to improve neurogenesis in acid sphingomyelinase-deficient mice treated with glucocorticosterone (Fig. 3) .
Next, we tested whether inhibition of the Asm/ceramide system and the induction of neurogenesis in the hippocampus by melatonin also translate into effects on depressed behavior in mice. To this end, mice were stressed by application of glucocorticosterone and treated with melatonin or left untreated. Controls were mice that were injected with the solvent of melatonin, since daily injections also constitute a brief form of stress, or mice left completely untreated. Behavior was tested in the dark-light box and the novelty suppressed feeding test. Glucocorticosterone induced depressive/anxious behavior in both tests compared to untreated or solvent-injected mice (Fig. 4A and B) . Application of melatonin Mice were injected melatonin at 10 mg/kg twice daily over 10 days. The hippocampus was removed, shock frozen and the activity of the acid sphingomyelinase (A) and the content of ceramide (B) were measured by biochemical assays as above. Ceramide was also stained in brain sections using a Cy3-coupled monoclonal anti-ceramide antibody (C). Application of glucocorticosterone to stress the mice did not alter the effect of melatonin on acid sphingomyelinase and ceramide (A, B). Shown are mean ± SD from 3 mice each or a represantative example from 5 mice each. * p< 0.05 compared to controls, ANOVA.
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improved the behavior of stressed mice in both tests (Fig. 4A and B) . We have previously shown that mice deficient for Asm respond to stress with depressive and anxious behavior, but are unable to respond to antidepressants since they lost the ability to reduce ceramide in the hippocampus and thereby reduce the sum of negative stimuli in stressed mice. Thus, to prove a role of the Asm/ceramide system for the behavioral effects of melatonin, we stressed Asm-deficient mice and treated them with melatonin. The results show that melatonin was without behavioral effects in stressed Asm-deficient mice (Fig. 4A and B) .
These results demonstrate an improvement of depressed and anxious behavior in stressed mice by melatonin, which is mediated by an inhibition of the Asm/ceramide system. Fig. 3 . Melatonin induces hippocampal neurogenesis via inhibition of the acid sphingomyelinase. Mice were stressed with glucocorticosterone and treated with melatonin or left untreated. Control groups consisted of mice that were completely untreated, received only melatonin or the solvent of melatonin. Stress induced a marked reduction of neurogenesis, which was markedly improved by the application of melatonin. Basal neurogenesis was not affected by melatonin. Serial sections of the hippocampus were counted for the presence of BrdU positive neurons. Shown are mean ± SD from 5 mice each. * p<0.05 compared to controls, ∆ p<0.05 compared to glucocorticosterone, ANOVA. Fig. 4 . Melatonin improves behaviour of stressed mice by inhibition of the acid sphingomyelinase/ceramide system. Mice were treated as indicated and outlined above and depressive/anxious behaviour was analyzed by the use of dark-light box and the novelty suppressed feeding tests. Anxious/depressed behaviour of stressed mice was improved by application of melatonin improved in both tests (A and B) . Deficiency of the acid sphingomyelinase abrogated the beneficial effects of melatonin on depressive/anxious behaviour of glucocorticoid-stressed mice. Shown are mean ± SD from 5 mice each. * p<0.05 compared to controls, ∆ p<0.05 compared to glucocorticosterone + melatonin, # compared to the same group in wt mice, ANOVA.
Finally, we aimed to define downstream targets of melatonin-mediated inhibition of the Asm/ceramide system. We have previously shown [24] that ceramide inhibits the activity and phosphorylation of Akt/PKB. We therefore tested phosphorylation of Akt/PKB in PC-12 cells treated with melatonin. However, while we detected a trend to a rapid activation of Akt/ PKB, which was determined by the phosphorylation of the protein, the differences did not reach statistical significance (not shown).
Discussion
The present study identifies melatonin as a novel inhibitor of the Asm/ceramide system. The antidepressive effects of melatonin that have been previously described [38] [39] [40] are mediated by inhibition of Asm and a reduction of ceramide as revealed in genetic studies using Asm-deficient mice. These mice fail to respond to melatonin with changes of the stressed and depressive behavior. We have previously shown that Asm and ceramide are targeted by antidepressants [24] . While direct application of ceramide or geneticallymediated accumulation of ceramide results in reduced neurogenesis and behavioral changes consistent with depression, deficiency of Asm triggers a small constitutive increase of neurogenesis in the hippocampus and behavioral changes in untreated, non-stressed mice [24] . However, Asm-deficient mice fail to respond to antidepressants such as amitriptyline and fluoxetine [24] . These findings are explained by the following model: Basal neurogenesis, and thereby also behavior, is regulated by multiple positive and negative stimuli such as growth factors and glucocorticoids. The balance between these factors controls neurogenesis in the hippocampus. If negative stimuli overweigh the positive stimuli, neurogenesis is reduced until a new balance is created in the hippocampus. Thus, an acute increase of glucocorticoids can be compensated by a decrease of ceramide in the hippocampus resulting in a novel balance between positive and negative stimuli, which allows for normal neurogenesis and behavior. Mice deficient for Asm lost the ability to respond to antidepressants with a reduction of ceramide and thereby fail to compensate the glucocorticoide/stress-induced reduction of neurogenesis and impairment of behavior.
Neurogenesis has been suggested to be a critical event in the pathogenesis of major depression [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . The chronic reduction of neurogenesis might result in a rarefication of neuronal networks and even hippocampal atrophy, events that have been described in major depressive disorder [5, 6] . Antidepressants that increase neurogenesis may not only restore neuronal networks in the hippocampus, but also trigger an increased number of immature neurons that may increase the excitability of the hippocampus, the connections of the hippocampus with the limbic system and provide a negative feedback the hypothalamicpituitary-adrenal axis [41, 42] , and thereby acutely counteract major depression.
At present it is unknown how inhibition of the Asm/ceramide by melatonin acts within hippocampal neurons to trigger neurogenesis and to improve behavior. Previous studies have suggested Akt/PKB as a target of ceramide, such that antidepressants that reduce Asm activity lead to increased phosphorylation/activation of Akt/PKB and a subsequent increase in hippocampal neurogenesis [24] . However, melatonin did not induce a significant increase of Akt/PKB phosphorylation in PC-12 cells, which may indicate that melatonin is a weak antidepressant. This is also consistent with the moderate effects on neurogenesis and behavior of melatonin that are less pronounced than those of amitriptyline.
Previous studies have revealed structural mechanisms by which antidepressants inhibit Asm; in a structure-property-activity relation model we have identified structural and physicochemical characteristics of compounds that inhibit Asm. FIASMAs are a group of compounds with special physicochemical properties. They possess at least one basic nitrogen atom (most basic pKa value > 4.8) and have moderate to high lipophilicity (logPvalue > 2), and they have no acidic group [32, 34, 35] . These (and some other) properties result in accumulation of the FIASMAs in acidic intracellular compartments, insertion into the inner lysosomal membrane and disturbance of the electrostatic interaction between the Asm and the inner lysosomal membrane. The ring system of the drugs allows interaction with the membrane. Asm also binds to the membrane of these acidic compartments. The Asm is then displaced from the membrane and degraded by proteases. This displacement is achieved by a protonated nitrogen atom bound to the ring system via a spacer that allows free presentation of the nitrogen atom. However, melatonin is probably not a FIASMA, because the physicochemical properties (calculated with ACD/LogD Suite 10; Advanced Chemistry Development Inc. Toronto, Canada) of melatonin are different with a logP = 0.96 (not very lipophilic) and the most basic pKa-value = -0.51 (not a base). Further, melatonin only mildly inhibits Asm in vitro and does not have the typical physicochemical properties that are common to all known FIASMAs. In particular, the aromatic ring system is small and the introduction of two oxygen atoms on the aromatic ring and the amid-bond in melatonin renders the molecule relatively hydrophilic. The nitrogen atom also looses its basic properties due to the amid bond.
Therefore, the inhibitory effect of melatonin on Asm might be mediated via other mechanisms; e.g. via inhibition of oxidative stress that has been previously reported to be targeted by melatonin [43] . Oxidative stress is a known activator of the Asm [44, 45] and a melatonin-mediated change of the redox-status of the cell might explain the inhibition of the Asm by the drug.
In summary, we have demonstrated that melatonin exerts its antidepressive effects by inhibition of Asm and reduction of ceramide in the hippocampus. This results in increased neurogenesis and improved behavior in stressed mice.
